Purpose The aim of this study was to study the effect of the embryo freezing method on the birth weight of newborns from frozen embryo transfer (FET) cycles, and the pregnancy results of cleavage stage embryos cryopreserved by slow freezing or vitrification. Methods This is a retrospective cohort study undertaken in a University Hospital IVF unit using concurrently both the slow-freezing and the vitrification techniques. All frozenthawed and vitrified-warmed day 2 and day 3 embryo transfers during the time period from 1 April 2009 to 31 November 2013 were included in the study. Results There was no statistically significant weight difference between newborns from vitrified or slow-frozen embryos (3588 vs 3670 g). A higher post-thaw viability rate was achieved after cryopreservation by the vitrification technique compared to the slow-freezing protocol (83.4 vs 61.4 %). The miscarriage rate was lower in the vitrification group (15.7 vs 29.0 %). The live birth rates were similar (19.5 vs 19.1 %) in the slow-freezing and vitrification groups, respectively. Among vitrified embryos, 7.4 embryos needed to be thawed to produce one delivery; in the slow-freezing group, that number was 11.9. Conclusions The freezing method has no impact on the weight of the newborn.
Introduction
Since the early days of the in vitro fertilization technology, a remarkable progress has been accomplished in the process of embryo culture while the implantation has remained the critical point limiting the pregnancy rate. Embryo freezing has revolutionized the entire process by enabling the use of the whole embryo cohort obtained from a single oocyte pick-up. The opportunity to transfer a single embryo at a time has diminished the risk of multiple pregnancies resulting in a better obstetrical outcome and increased cumulative delivery rate from the maximal utilization of embryos. The possibility to freeze all of the embryos in case of threatening ovarian hyperstimulation has reduced the complication rate associated with ovarian stimulation. The potential adverse effect of the superovulation on the endometrium receptivity may be avoided by cryopreserving all of the embryos and replacing them later in a more physiological milieu [1, 2] .
Two cryopreservation techniques are mainly used in the IVF laboratories. In the slow-freezing protocol the temperature is decreased step by step first slowly to −30°C and then rapidly to −150°C, whereas in vitrification, the temperature is reduced to −196°C by means of immediate exposure to liquid nitrogen [3] . The former technique requires costly equipment, while the latter one engages more labor force. The disadvantage of the slow freezing is the formation of ice crystals predisposing the embryo to cell damage during thawing. Cryoprotectants are used to cause expulsion of intracellular water, thus decreasing the ice crystal formation. In vitrification, higher concentrations of cryoprotectants are used for a short period of time before rapid cooling compared to slow freezing. The formation of ice crystals is inhibited as the solutes turn into a glass-like structure, i.e., the solutes vitrify [4] .
Numerous studies have detected higher post-thaw survival rates in cleavage stage embryos cryopreserved by vitrification compared to embryos cryopreserved by slow freezing [5] [6] [7] [8] [9] [10] [11] [12] .
The efficiency of these two freezing methods has been studied in blastocyst stage embryos showing higher implantation and clinical pregnancy rates by vitrification compared to slow freezing (32 vs 20 % and 43 vs 28 %, respectively) [13] . A large population-based cohort study detected a significantly higher clinical pregnancy rate (adjusted relative risk ARR 1.47) and delivery rate (ARR 1.41) in benefit of vitrification [14] . No difference in the implantation rates of day 3 embryos was detected between the slow-freezing and vitrification techniques in two randomized, controlled studies (35.3 vs 35.4 % [15] and 21.4 vs 15.8 % [9] ). A retrospective study found not only a significantly higher live birth rate after vitrification (35.3 %) compared to slow freezing (25.8 %) but also a higher miscarriage rate higher in the vitrification group (16.5 vs 7.7 %) [16] . In the only controlled, randomized study comparing the two cryopreservation methods at cleavage stage by Debrock et al. [17] , a significant difference in live birth rate per embryo thawed/warmed for the benefit of vitrification was observed (16.1 vs 5.0 %). The use of vitrification at cleavage stage has raised interest in the possible epigenetic effects of the freezing method, the weight of the newborn as one expression.
The occurrence of increased birth weight after frozenthawed embryo transfer compared to fresh embryo transfers has been observed in several studies [18] [19] [20] . However, the outcome of studies comparing the effect of the freezing method on birth weight is conflicting. Wang et al. [16] reported no statistically significant differences in birth weights after fresh, slowly frozen-thawed, or vitrified-warmed embryo transfers. Contradicting these results, Liu et al. [21] reported an increased birth weight after vitrified-warmed embryo transfers compared to slowly frozen thawed embryos, whereas Shi et al. [22] suggested a higher birth weight after vitrified-warmed day 3 embryos compared to fresh day 3 embryo.
Several IVF laboratories apply both cryopreservation techniques. The possible effect of the cryopreservation techniques on the birth weights could indicate epigenomic changes in the embryo, with further implications. We conducted a retrospective study to investigate the effect of the freezing method on the birth weight. The possible effect the cryopreservation technique used had on the miscarriage rate and delivery rates was also studied.
Materials and methods
The study plan was approved by the Institutional Review Board of Tampere University Hospital. We analyzed all the frozen-thawed day 2-day 4 transfers from the time period from 1 April 2009 to 31 November 2013. The study material was collected from medical records. Only cycles with autologous oocytes were included in the study. The study included vitrified embryos and embryos cryopreserved by slow freezing. The difference between mean weights of the babies from frozen-thawed and vitrified-warmed embryo transfers was considered clinically significant when exceeding 100 g. The difference between the birth weight and the national gestational age-and gender-adjusted reference weight is expressed as the standard deviation score (SD-score). The SD-score is calculated using the formula Z = (x − μ):δ, where x is the birth weight of a newborn, μ the mean weight of babies born at the same gestational age and gender, and δ is the standard deviation in the reference group. Only weights of newborns from single pregnancies were included.
The controlled ovarian hyperstimulation protocol
The controlled ovarian hyperstimulation was accomplished using either antagonist, long agonist, or short agonist protocol. A recombinant FSH was used to induce follicular growth, and the hCG was administered when the leading follicle reached 18 mm in the agonist protocol and 17 mm in the antagonist protocol. Thirty-six hours after hCG injection, the oocytes were collected using a transvaginal ultrasound-guided puncture. The luteal support consisted of vaginally administered progesterone and the embryo transfer was made under ultrasound monitoring.
Culture conditions
The culture media was supplied by Origio (MålØv, Denmark) or Vitrolife (Gothenburg, Sweden). Successful fertilization was confirmed 16 to 18 h after the insemination (hpi). The normally fertilized zygotes were cultured in sequential media using ISM1™ (Origio) until day 2 and BlastAssist ™ (Origio) from day 2 to 3, or in G-1™ PLUS (Vitrolife) until day 3.
Embryo evaluation and selection
Cleavage stage embryos were evaluated on the day of the fresh embryo transfer on day 2 or 3 of the culture. The evaluation was performed as previously reported [23] . One or two of the best quality embryos were selected for fresh embryo transfer and the remaining top or good quality embryos were selected for cryopreservation by either slow freezing or vitrification.
The cryopreservation and thawing protocols
The slow freezing was performed according to the instructions of the manufacturer using the Embryo Freezing Pack (Origio) and the standard slow-freezing method. The cooling rate was controlled by the Freeze Control (Cryologic Ltd., Mulgrave, Australia) liquid nitrogen freezing apparatus. Thawing was performed using the Embryo Thawing Pack (Origio). The cryoprotectants included propylene glycol and sucrose. Vitrification and warming were performed according to the instructions of the manufacturer (VitriFreezeES™, VitriThawES™, FertiPro, Beernem, Belgium). High security vitrification straws (Cryo BioSystems, L'aigle, France) were used as a vitrification device. In vitrification, the main cryoprotectants were dimethyl sulfoxide and ethylene glycol.
The embryos were thawed 1 day before the embryo transfer and the survived embryos (minimum of 50 % of blastomeres alive) were cultured overnight in BlastAssist. The embryos that had cleaved were evaluated and selected for embryo transfer. Embryo survival was defined as cleavage during an overnight culture.
The frozen-thawed embryo transfers
The frozen-thawed embryo transfers (FET) were performed in spontaneous or hormone-substituted cycles. In hormonesubstituted cycles estradiol hemihydrate as tablets (2 mg three times a day) or transdermal patches (100-150 μg twice a week) from the beginning of the menstrual cycle was used, in addition to natural vaginal progesterone tablets (200 mg × 3 a day), starting when the endometrial thickness measured 7-8 mm. One or two embryos were transferred using ultrasound guidance.
A clinical pregnancy was assessed with a transvaginal ultrasound 5 weeks after the embryo transfer and defined as the presence of at least one gestational sac on the ultrasound scan. A spontaneous abortion was considered to be a pregnancy loss until week 22 of gestation after a previous confirmation of a clinical pregnancy.
Statistical analyses
The distribution of the birth weight of the babies was normal in all groups. A t test for independent samples was used when comparing the mean birth weights between the groups. When comparing the differences in median birth weight standard deviations calculated from the gender-and gestational ageadjusted population-based reference weight, a nonparametric test (Mann-Whitney) was used because of the nongaussian distribution. A chi-square test was used to compare the delivery rates, clinical pregnancy rates, and miscarriage rates between the groups. All statistical analyses were performed using the IBM SPSS software (v19.0 Armonk, NY, USA).
Results
The study consisted of 871 IVF/ICSI cycles with 848 fresh embryo transfers resulting in 160 live births (18.9 %). There were 1346 days 2-3 frozen-thawed embryo transfers in the study, of which 663 were cryopreserved by slow freezing and 683 were vitrified. The frozen-thawed embryo transfers resulted altogether to 276 live births. The stimulation protocols, IVF/ICSI distribution, and the cause of infertility were comparable between the groups as well as the ages of the mothers (31.4 vs 32.1 years) ( Table 1 ). The results of three patients were lost to follow up.
The mean weight of the babies born after fresh, slowly frozen, and vitrified embryo transfers were 3454.1, 3670.3, and 3588.7 g, respectively. Only babies from singleton deliveries were included in the analysis. We analyzed the weights of the newborns using standard deviations from the national gestational age-and gender-adjusted population-based reference weight. The SD-scores in fresh, slow-freezing, and vitrification groups were −0.6, −0.22, and −0.27, respectively (Table 2) . Considering the two freezing methods, these SDscores did not differ statistically (p = 0.893). The difference between the mean weights of the babies born after slowfrozen and vitrified embryo transfers was 81.6 g, which is not statistically significant (p = 0.263 with 95 % CI −61.5-224.7). The babies born after fresh embryo transfers were lighter than the babies born after frozen embryos transfers (3454.1 vs 3627.2 g, weight difference 173 g, p = 0.003). The length of the gestation was similar in both FET groups, the mean delivery week being 39.8 in slow-freezing and 39.5 in vitrification group (p = 0.979).
The percentages for SGA (small for gestational age) and LGA (large for gestational age) were 1.6 vs 3.6 % and 2.4 vs 5.0 % for slow freezing and vitrification, respectively.
The ratio of boys was 54.4 vs 50.7 %, respectively. The slow-freezing group consisted of 359 (54.2 %) single and 304 (45.8 %) double embryo transfers, and the vitrification group consisted of 487 (70.9 %) and 196 (29.1 %) single and double embryo transfers, respectively. The viability rate of the embryos was 67.7 % in the slow-freezing group and 88.4 % in the vitrification group (p < 0.001 with 95 % CI of 0.175-0.236).
The pregnancy results of the frozen embryo transfers are listed in Table 3 . There was no statistical difference in the clinical pregnancy or live birth rates between the freezing methods. However, in pregnancies resulting from single embryo transfers, the miscarriage rate was significantly higher in the slow-frozen transfers compared to the vitrified embryo transfers (29 vs 15.7 %, p = 0.021).
To produce one delivery, 7.4 vitrified embryos were needed to be thawed. In slow-freezing group, the corresponding number was 11.9.
Discussion
In this study, no statistically significant weight difference was observed in the newborns from slow-frozen or vitrified embryo transfers. Even though the freezing method did not have an influence on live birth rates, vitrification was shown to be more effective freezing method for cleavage stage embryos. The survival rate of thawed vitrified embryos was significantly higher and fewer frozen embryos were needed to produce a delivery.
In the present study, the clinical pregnancy and delivery rates were similar for both freezing methods. The miscarriage rate (the proportion of miscarriages in all clinical pregnancies) in the slow-freezing group was higher (29 vs 15.7 %), especially in the case of single embryo transfers. The miscarriage rate were higher than presented in previous studies in the case of day 3 FET cycles by Liu et al. (12.6 vs 12.1 %) or Rama Raju et al. (7. 71 vs 9.24 %) [21, 24] , but it did not differ from the results of a study on the miscarriage rate after fresh embryo transfers (17.4-22.2 %) in PCO and tubal infertility [25] . The most common reason for early pregnancy miscarriages is the chromosomal abnormalities irrespective the mode of fertilization (spontaneous or ART) [26] [27] [28] . Slow freezing and thawing has been detected to induce numerical chromosomal changes in human embryos, which could be explained by increased ice crystal formation [28] . In frozen-thawed blastocyst transfers, no difference has been detected in the miscarriage rates between the two cryopreservation methods [14] . In a study by Li et al. [29] , the embryo DNA integrity index was higher in vitrified than in slow-frozen human blastocysts which could explain the lower miscarriage rate in vitrified blastocyst pregnancies compared to slow freezing.
The weight difference between newborns from fresh and frozen embryo transfers does not seem to be related to maternal factors, as the increased risk of LGA and macrosomia in singletons after FET has been detected in a sibling cohort as well [30] . In a study by Wikland et al., no difference in birth weight was observed after the transfer of vitrified blastocysts or slow-frozen early cleavage stage embryos [31] . The blastocyst culture itself has been found to have an impact on the birth weight of newborns, complicating the comparison of two cryopreservation techniques using embryos from different stages [32, 33] . In Liu's study, the median birth weight of babies born from a vitrified cleavage stage embryo transfer was higher by a weight difference of 103 g, than the birth weight after the transfer of slow-frozen cleavage stage embryos. In their study, no weight difference existed between babies from fresh or slow-frozen cleavage stage embryos. This contradicts the study by Pelkonen et al. in which 134-g higher birth weight was detected among slow-frozen FET singletons compared to fresh singletons [19] . In Liu's study, the birth weights of the babies were obtained through patient questionnaires which may cause some uncertainty in the results. In our study, the precise length of the pregnancy of all of the newborns was known, and the weights were compared to the gender-and gestational age-adjusted population-based reference values, increasing the reliability of the results. The mean birth weight of the newborns was approximately 80 g lower in the vitrification group compared to slow-freezing group (p = 0.263). We considered the weight difference more than 100 g clinically significant. The same tendency was seen in the study of Wang et al. of day 3 FET pregnancies; the 140-g difference in birth weights for the benefit of slow freezing compared to vitrification was not statistically significant (p = 0.307) [16] . The lack of significant difference in the weights of babies born after these two different cryopreservation techniques could indicate a somewhat similar effect on the epigenetic processes or similar embryo selection caused by the cryopreservation. On the other hand, it could also refer to minimal epigenetic effect of either one of the techniques. The embryo survival has usually been defined as survival of at least 50 % of the pre-freeze blastomeres. A survival as high as 95 % has been associated with the cryopreservation of cleavage stage embryos by the vitrification technique and a higher survival rate after the vitrification of human cleavage stage embryos compared to the slow freezing has been detected in many studies [5, 6, 10, 11, 21] . This was also observed in our study (61.4 vs 83.4 %). Our viability rate refers to the percentage of embryos surviving the thawing and resuming cleavage after an overnight culture. Embryos with damaged cells after thawing have been shown to have a lower overnight developmental potential compared to intact cells both after slow freezing and vitrification [11] . Certainly, the decreased survival associated with slow freezing is caused by increased ice formation during freezing and thawing physically damaging cell membranes. Conversely, cryoprotectants and osmotic stress can have potential negative impact on the bioenergetic function of mitochondria [34] .
It has been supposed that better endometrial receptivity could be one reason for the increased birth weight after FET compared to fresh embryo transfers. Another explanation could be the stress caused by the embryo freezing-thawing resulting in a selection of embryos with better growth potential [20] . Epigenetic mechanisms have also been proposed to explain the weight difference. The freezing and thawing during the delicate period of early embryo development, i.e., the activation of embryonic genome, may cause epigenetic alterations affecting the phenotype at birth.
The strength of the present study is the accurate birth weights compared to the population-based reference weight expressed as the SD-score from the reference weight taking into account the gestational age and the sex of the newborn. A shortcoming in this study was the retrospective design of the study. Furthermore, the maternal BMI and smoking were not included in the data collection. These factors are known to have impact on the birth weight. Especially, the smoking habits of the patients are poorly registered in the patent records.
In conclusion, no significant birth weight difference exists between the two cryopreservation techniques, although there seems to be a tendency toward a slightly lower mean birth weight after vitrification. Undoubtedly, the benefits of vitrification technology for preserving cellular integrity outweigh the trend toward a slightly lower live birth weight. Vitrification is a more efficient procedure, yielding higher rates of cell survival and viability which translates into greater embryo utilization per IVF cycle and fewer pregnancy losses upon transfer.
